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Ku heterodimer is essential for the repair of DNA double-strand breaks (DSBs) by non-homologous
end-joining (NHEJ). Ku recruits XLF, also known as Cernunnos, to DSBs. Here we report domain anal-
yses of Ku–XLF interaction. The heterodimeric domain of Ku was found to be sufﬁcient for the
recruitment of XLF to DSBs and for the interaction of Ku with XLF. A small C-terminal deletion of
XLF completely abolished recruitment of XLF to DSBs and Ku–XLF interaction. This deletion also
led to marked reduction of XLF–XRCC4 interaction although the XRCC4-binding site on the XLF N-
terminal domain remained intact. These results demonstrate the signiﬁcance of Ku–XLF interaction
in the molecular assembly of NHEJ factors.
Structured summary of protein interactions:
XLF physically interacts with XRCC4 and Ku by anti tag coimmunoprecipitation (View interaction).
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction complex of XRCC4 and DNA-ligase IV ligates two DSB ends andIn mammalian cells, non-homologous end-joining (NHEJ) is a
major cellular pathway for the repair of a DNA double-strand break
(DSB), which is one of the most cytotoxic lesions [1,2]. NHEJ re-
quires a set of essential factors, including Ku, a highly abundant
nuclear protein in humans, which plays a pivotal role in NHEJ as
a DSB sensor [3]. Ku is a heterodimeric protein consisting of
Ku70 and Ku80 subunits, each of which contains a dimerization
domain and a C-terminal domain (CTD) [3]. Thus, the Ku heterodi-
mer is composed of three distinct structural moieties, namely a
heterodimeric domain, Ku70 CTD and Ku80 CTD [4–6]. The hetero-
dimeric domain forms a ring-shaped structure that binds a DNA
end with high afﬁnity [4]. Binding to a DNA end elicits structural
changes in Ku, allowing it to associate with other NHEJ core factors.
The catalytic subunit of DNA-dependent protein kinase (DNA-
PKcs) forms a complex with Ku in a DNA-dependent manner,
resulting in the formation of a functional DNA-PK [3,7,8]. DNA-
PK phosphorylates various substrates, including DNA-PK itself, to
regulate the timely progression of the NHEJ process [8]. A tightchemical Societies. Published by E
s, catalytic subunit of DNA-
reak; NHEJ, non-homologous
low ﬂuorescent protein
Yano).completes NHEJ [9].
XLF/Cernunnos (hereafter referred to as XLF) binds to XRCC4
and stimulates the ligation of mismatched and non-cohesive DNA
ends [10–13]. Deﬁciency of XLF in humans results in a genetic dis-
order characterized by immunodeﬁciency and increased radiosen-
sitivity, which strongly indicate that XLF is an essential factor in
NHEJ [11,14]. We have shown that XLF quickly responds to DSB
induction and accumulates at damaged sites in vivo, which was
shown by a live cell imaging technique coupled with site-directed
generation of DSBs using laser microbeam [15]. We have also
shown that Ku is the sole factor essential for recruitment of XLF
to DSBs and that XRCC4 augments the accumulation of XLF at DSBs.
Using puriﬁed proteins of Ku and XLF, we have shown that XLF
associates with Ku in the presence of DNA ends [15]. Our previous
observations suggested that, in addition to stimulation of DNA liga-
tion, XLF might play a role in protein assembly in the NHEJ path-
way [15–17]. Recently, two independent studies have reported
crystal structure of XLF [18,19]. According to these, XLF forms a
homodimer consisting of an N-terminal globular head domain
and a C-terminal helical tail region. The N-terminal globular head
domain has been reported to be the site of the interaction with
XRCC4 [20], while the biological functions of the C-terminal helical
region are still obscure [21].
In this study, we analyzed protein domains required for Ku–XLF
interaction. Our data indicate that XLF associates with the hetero-
dimeric domain of Ku. The most C-terminal region of XLF islsevier B.V. All rights reserved.
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the association with Ku. Furthermore, a small deletion in the XLF
C-terminal region affected the interaction of XLF with XRCC4.
Our data substantiate the notion that Ku–XLF interaction is critical
for protein assembly in the NHEJ pathway and deﬁne the C-termi-
nal region of XLF as the module for this interaction.
2. Materials and methods
2.1. Plasmid construction
cDNAs for full-length and C-terminally deleted human Ku70
and Ku80 were cloned into pcDNA3 carrying a FLAG epitope and
pFastBac (Invitrogen) using standard DNA cloning methods. pFast-
Bac plasmids were introduced into DH10Bac (Invitrogen), and
recombinant baculoviral plasmids were selected according to theFig. 1. Ku CTDs are non-essential for the recruitment of XLF to DSBs in vivo. (A) Domains
Ku70 and Ku80 form a heterodimer that is composed of three distinct structural moieties,
essential for the accumulation of YFP-XLF at DSBs. An expression plasmid for YFP-XLF was
CTD (Ku70DCTD) into Ku70-deﬁcient cells. The nuclei of the transfected cells were irradia
XLF were taken before and after laser microirradiation. (C) A time course of accumulatio
vector (yellow), expression plasmids for full-length Ku70 (blue) and Ku70DCTD (red). I
damage sites were quantiﬁed. Mean values of the ﬂuorescence intensities with standard d
non-essential for the accumulation of YFP-XLF at DSBs. An expression plasmid for YFP-X
lacking CTD (Ku80DCTD) into Ku80-deﬁcient cells. Accumulation of YFP-XLF at DSBs was
induced DSBs in Ku80-deﬁcient cells transfected with a vacant vector (yellow), expression
30 s intervals for 180 s, and ﬂuorescence intensities at the damage sites were quantiﬁed.
from ten independent measurements.manufacturer’s instructions. For expression of XLF C-terminal dele-
tions, a series of XLF cDNA fragments were cloned into either
pcDNA3 (Invitrogen) carrying a FLAG epitope and a SV40 nuclear
localization signal (NLS) for immunoprecipitation, or into pcDNA3
harboring a FLAG epitope, NLS and a yellow ﬂuorescent protein
(YFP) for live cell imaging analyses. Plasmid constructions were
conﬁrmed by sequencing. Other baculoviral and mammalian
expression plasmids for human XLF have been described previ-
ously [15].
2.2. Protein expression and puriﬁcation
Recombinant baculoviral plasmids containing Ku cDNA were
transfected into Sf9 cells using CellFectin (Invitrogen) to produce
viruses. Baculovirus was collected from the culture media of the
transfected Sf9 cells and ampliﬁed by standard procedures. Kuof human Ku70 and Ku80. Each protein consists of a dimerization domain and a CTD.
namely a heterodimeric domain, Ku70 CTD and Ku80 CTD. (B) The Ku70 CTD is non-
cotransfected with expression plasmids for full-length Ku70 (Ku70) or Ku70 lacking
ted with a laser microbeam (indicated by white arrows). Microscopy images of YFP-
n of YFP-XLF at laser-induced DSBs in Ku70-deﬁcient cells transfected with a vacant
mages were obtained at 30 s intervals for 180 s, and ﬂuorescence intensities at the
eviation were calculated from ten independent measurements. (D) The Ku80 CTD is
LF was cotransfected with expression plasmids for full-length Ku80 (Ku80) or Ku80
examined as described in (B). (E) A time course of accumulation of YFP-XLF at laser-
plasmids for full-length Ku80 (blue) and Ku80DCTD (red). Images were obtained at
Mean values of the ﬂuorescence intensities with standard deviation were calculated
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uloviruses carrying human Ku80 and Ku70 cDNAs and puriﬁed as
reported previously [22]. His-tagged human XLF was expressed
in Sf9 insect cells and puriﬁed by sequential column chromatogra-
phy using Ni-agarose, Superdex200 gel ﬁltration and MonoQ col-
umns [15].
2.3. Electrophoresis mobility shift assay (EMSA)
A 65-bp DNA fragment was ampliﬁed from a green ﬂuorescent
protein gene using PCR and puriﬁed with a PCR puriﬁcation kit
(QIAGEN). The 50 ends of the DNA fragment were labeled with
32P using T4 polynucleotide kinase. The 32P-labeled probe was
combined with the puriﬁed Ku heterodimer and XLF proteins in a
solution containing 10 mM Tris–Cl (pH 8.0), 150 mM NaCl, 5 mM
EDTA, and 10% glycerol at room temperature for 20 min. DNA-
protein complexes were resolved by non-denaturing polyacryl-
amide gel electrophoresis and detected by autoradiography.
2.4. Cell culture, transfection and live cell imaging
Embryonic ﬁbroblasts derived from a Ku70 knockout mouse
(Ku70/ SV40) were kindly provided by Hatsumi Nagasawa, Colo-
rado State University. Ku70/ SV40, Ku80-defective xrs6, U2OS
and 293T cells were maintained in aMEM supplemented with
10% fetal bovine serum (Hyclone) and penicillin/streptomycin (Sig-
ma–Aldrich) in a humidiﬁed atmosphere with 5% CO2 at 37 C.
Transient transfection of expression plasmids was performed using
FuGENE6 (Roche) according to the manufacturer’s instructions.
DSBs were generated in the cell nuclei of transfected cells by
irradiation with a laser microbeam at 365 nm, and the behavior
of YFP-XLF proteins in living cells was monitored by time-lapse
imaging as described previously [23].
2.5. Immunoprecipitation
FLAG-XLF expression plasmids were introduced into human
293T cells using the FuGENE6 reagent (Roche). The transfected
cells were collected 48 h after transfection and lysed in a lysis buf-
fer containing 20 mM Tris–Cl (pH 7.5), 150 mM NaCl, 5 mM EDTA,
1% Igepal and a protease inhibitor cocktail (Complete, Roche). The
lysates were cleared by centrifugation at 20 000g for 10 min and
subsequently incubated with anti-FLAG monoclonal antibody (M2,
Sigma–Aldrich) conjugated with protein G agarose beads at 4 C for
3 h. Antigen–antibody complexes were collected by brief centrifu-
gation and washed three times with lysis buffer. Immunoprecipi-
tated proteins were eluted by boiling in SDS-sample buffer and
analyzed by SDS–polyacrylamide gel electrophoresis followed by
Western blotting using anti-FLAG M2, anti-Ku80 and anti-XRCC4
antibodies as described previously [15].Fig. 2. Ku heterodimer without CTDs forms a complex with XLF on DNA. A 32P-
labeled 65-bp DNA probe was mixed with puriﬁed proteins in the combinations
indicated. Complex formation of the proteins and the probe was analyzed by
polyacrylamide gel electrophoresis followed by autoradiography. Arrows indicate
the bands containing Ku–XLF–DNA complexes.3. Results
3.1. XLF binds to the heterodimeric domain of Ku
Ku is a heterodimer of Ku70 and Ku80, containing three struc-
tural domains that include a heterodimeric domain, Ku70 CTD,
and Ku80 CTD (Fig. 1A) [4–6]. We tested whether CTDs are re-
quired for the recruitment of XLF to DSBs. We transiently co-trans-
fected an expression plasmid for YFP-XLF with an expression
plasmid for either full-length or C-terminally deleted Ku70 into
Ku70-deﬁcient cells. Under our experimental conditions, the
amount of the exogenously expressed full-length Ku70 protein
was comparable to that of C-terminally deleted Ku70 protein,
and the amounts of YFP-XLF were equal in three transfected cells(Supplementary Fig. 1A). Using these transfected cells, DSBs were
generated in a deﬁned area of the nucleus by irradiation with a la-
ser microbeam. The behavior of YFP-XLF immediately after laser
microirradiation was monitored by a live cell imaging technique.
When the expression plasmid for YFP-XLF was cotransfected with
a vacant vector into Ku70-deﬁcient cells, YFP-XLF failed to accu-
mulate at laser-induced DSBs (Fig. 1B), consistent with our previ-
ous observation that Ku is essential for the recruitment of XLF to
DSBs. When YFP-XLF was coexpressed with full-length Ku70 in
Ku70-deﬁcient cells, YFP-XLF rapidly accumulated at DSBs. When
Ku70 without its CTD was coexpressed with YFP-XLF, we observed
similar rapid accumulation of YFP-XLF at DSBs (Fig. 1B and C), indi-
cating that the Ku70 CTD is non-essential for the recruitment of
XLF to DSBs in vivo.
Next, we tested the requirement of the Ku80 CTD for XLF
recruitment to DSBs. We cotransfected the YFP-XLF expression
plasmid with a vacant vector, an expression plasmid for full-length
Ku80, or a plasmid for Ku80 without its CTD into Ku80-deﬁcient
cells. As shown in Supplementary Fig. 1B, the expression of full-
length Ku80 was equivalent to that of Ku80 without CTD, and
the amounts of YFP-XLF in the transfected cells were roughly
equal. We used these cells for live cell imaging and observed rapid
accumulation of YFP-XLF at laser-induced DSBs in Ku80-deﬁcient
cells transiently expressing either full-length or C-terminally de-
leted Ku80, but not in cells cotransfected with a vacant vector
(Fig. 1D and E). Taken together, these results indicate that the CTDs
of both Ku70 and Ku80 are non-essential for the recruitment of XLF
to DSBs and suggest that the central heterodimeric domain of Ku is
sufﬁcient for the DSB recognition of XLF in vivo.
We further conﬁrmed these observations in vivo by EMSA to
examine the direct interaction of XLF with Ku lacking both Ku70-
and Ku80-CTDs. We prepared puriﬁed Ku heterodimer consisting
only of the heterodimeric domain by co-expressing each subunit
lacking its CTD in insect cells. Puriﬁed Ku and XLF proteins were
mixed with a 32P-labeled 65-bp DNA probe, and the complex for-
mation between Ku and XLF on DNA was analyzed by EMSA. As re-
ported previously, XLF has the unique feature of not associating
with a short DNA such as a 65-bp DNA fragment (Fig. 2 lane 2)
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shift bands, representing a DNA bound to one Ku molecule and a
DNA bound to two Ku molecules (Fig. 2 lane 3). The inclusion of
XLF in the Ku–DNA mixture resulted in the appearance of an addi-
tional supershift band (Fig. 2 lane 4), which we have previously
demonstrated to be a complex consisting of Ku, XLF and DNA
[15]. When the same reactions were performed using C-terminally
deleted Ku, we observed a similar pattern of two Ku–DNA bands
(Fig. 2 lane 5) with an additional supershift band (Fig. 2 lane 6).
When BSA was substituted for XLF, no supershift bands were ob-
served (Fig. 2 lane 7). This further supports the idea that XLF binds
to the heterodimeric domain of Ku.Fig. 3. The end of the C-terminal region is essential for the recruitment of XLF to DSBs
terminal helical tail region. A putative NLS at the C-terminal end is marked by a black line
YFP, and a FLAG tag at their N-terminal ends were transiently expressed in U2OS cells. Acc
imaging. The results were summarized on the right. (C) Typical examples of laser-irradia
XLF (aa 1–289). White arrows indicate sites of laser microirradiation. (D) A time course of
at laser-induced DSBs. Images were obtained at 1 min intervals for 10 min. Mean value
independent measurements. (E) Evolutionary conservation of the C-terminal region of XL
Amino acid residues identical to those of the human XLF are highlighted in blue.3.2. The C-terminal region of XLF is essential for DSB recognition
in vivo
Next, we analyzed which region of XLF is required for its
recruitment to DSBs in vivo. XLF consists of an N-terminal globular
domain and a C-terminal helical tail region [18,19]. The N-terminal
domain forms a globular structure, which is the site of XRCC4
interaction [20] (Fig. 3A). Because deletion of the N-terminal do-
main seems to cause gross structural changes in XLF homodimer
and consequently seems to abrogate most physiological functions,
we examined only C-terminal deletions (Fig. 3B). Since a consensus
sequence of NLS was found in the C-terminal region of XLF, wein vivo. (A) Human XLF consists of an N-terminal globular head domain and a C-
. (B) Full-length and C-terminally deleted XLF proteins that were fused to SV40 NLS,
umulation of the YFP-XLF deletions at laser-induced DSBs was examined via live cell
ted nuclei containing full-length YFP-XLF (aa 1–299) and C-terminally deleted YFP-
accumulation of full-length (blue) and C-terminally deleted (aa 1–289, red) YFP-XLF
s of the ﬂuorescence intensities with standard deviation were calculated from ten
F. The last 15 amino acid sequences of XLF proteins from seven species are aligned.
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fused with SV40 NLS. We transiently transfected these plasmids
into cultured human cells and examined whether the C-terminally
deleted YFP-XLF proteins could be recruited to DSBs induced by la-
ser microirradiation. We observed that all C-terminally deleted
YFP-XLF proteins examined in this study failed to accumulate at
DSBs in the nucleus (Fig. 3B). Remarkably, deletion of 10 amino
acids at the C-terminal (XLF aa 1–289) completely abolished the
recruitment of XLF to DSBs (Fig. 3C and D), although the amounts
of YFP-XLF and YFP-XLF (aa 1–289) in the transfected cells were
nearly identical (Supplementary Fig. 1C). This observation indi-
cates that the C-terminal region of XLF plays a critical role in the
recruitment of XLF to DSBs in vivo. We found that the C-terminal
region of XLF are evolutionarily conserved among vertebrate and
mammalian species (Fig. 3E), which further suggests the biological
importance of the XLF C-terminal region.
3.3. The C-terminal region of XLF is required for interaction with Ku
Since Ku is essential for the recruitment of XLF to DSBs [15], we
next examined whether the C-terminally deleted XLF associates
with Ku. We expressed a series of FLAG-tagged XLF deletions in
293T cells and performed immunoprecipitation analyses. When
full-length XLF was transiently expressed in 293T cells and subse-
quently immunoprecipitated, we detected immunoprecipitated
FLAG-XLF along with coprecipitation of endogenous Ku and XRCC4
(Fig. 4 lane 8). However, when the C-terminal deletions of XLF were
used for immunoprecipitation, the endogenous Ku was not copre-
cipitated with any of the XLF deletions (Fig. 4 lanes 6 and 7). This
observation, along with imaging analyses of XLF C-terminal dele-
tions, indicates that the XLF C-terminal region is essential for Ku-
mediated XLF recruitment to DSBs. Interestingly, although the C-
terminal deleted FLAG-XLF proteins contain an intact N-terminal
globular domain that is the site of XRCC4 interaction, these dele-
tions resulted in markedly reduced amounts of coprecipitated
endogenous XRCC4 (Fig. 4 lanes 6 and 7). This observation suggests
that Ku–XLF interaction affects the association of XLF with XRCC4.Fig. 4. Immunoprecipitation analyses of C-terminally deleted XLF. Full-length and
C-terminally deleted XLF proteins with SV40 NLS and a FLAG tag fused to their N-
terminal ends were transiently expressed in 293T cells. Whole cell lysates were
prepared from the transfected cells and subjected to immunoprecipitation using an
anti-FLAG antibody. Proteins in the immunoprecipitated samples were examined
by Western blotting using antibodies against FLAG, Ku80 and XRCC4.4. Discussion
In this study, we performed domain analyses of Ku–XLF interac-
tion. We found that the heterodimeric domain of Ku is sufﬁcient
for the recruitment of XLF to DSBs in vivo and for the association
of Ku with XLF in vitro. Previously, we have demonstrated that
highly puriﬁed forms of Ku and XLF do not associate with each
other and that Ku–XLF interaction occurs only in the presence of
DNA. The heterodimeric domain of Ku forms a ring-shaped struc-
ture that has extremely high afﬁnity for DNA ends [3,4]. We spec-
ulate that XLF recognizes subtle conformational changes of Ku
elicited by DNA-end binding and is recruited to Ku-bound DSBs.
The DNA-dependent protein interactions of Ku–XLF [15] and Ku–
DNA-PKcs [7] appear to be key steps in the initiation of protein
assembly for NHEJ in vivo.
It has been reported that multiple protein–protein interactions
are biochemically detectable among the core factors of NHEJ includ-
ingKu,DNA-PKcs, XRCC4andXLF [7,10,15,25]. In our previous study
employing live cell imaging of protein dynamics, we observed that
the deletion of oneNHEJ factor affects the dynamic behavior of other
NHEJ factor at DSBs in living cells [15,16]. Thus, we have proposed
that the multiple interactions play critical roles in the assembly of
functional NHEJ machinery in vivo [17]. In this study, we observed
in immunoprecipitation that the association of XRCC4with C-termi-
nally truncated XLF is markedly weakened despite the presence of
an intact XRCC4-interaction site on theN-terminal globular domain.
We interpret this result as an indication that Ku, XRCC4 and XLF sta-
bilize one another at DSBs viamultiple protein interactions and that
the lack of Ku–XLF interaction leads to a less stable association of
this complex with XRCC4. This ﬁnding lends further support to our
previous model of NHEJ factor assembly [17].
It is currently known that the major function of XLF in NHEJ is
stimulation of the ligation activity of XRCC4/DNA-ligase IV [12,13]
and that the N-terminal globular domain of XLF has been deﬁned
as the site of XRCC4 binding [20]. Although the functional roles
of the C-terminal region of XLF is not yet clear [21], our study sug-
gests that it is required for normal XLF function in NHEJ. Strikingly,
a 10-amino acid deletion at the end of the C-terminal region com-
pletely abolishes the Ku–XLF interaction and the accumulation of
XLF at DSBs, suggesting the critical role of the XLF C-terminal re-
gion as the module for the Ku–XLF interaction. Taken together with
the evolutionary conservation of the XLF C-terminal region among
vertebrate and mammalian species, this result strongly suggests
the involvement of the C-terminal region of XLF in regulating NHEJ.
Further studies will be performed to complete understanding of
the functional role of XLF in NHEJ.
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